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INTRODUCTION
From the dawn of science to present, amphibians have greatly enriched our understanding of biology. In part, this reflects the amazing diversity of phenotypes that are expressed within and among amphibian species. For example, just among salamanders three different life cycles are observed, including direct development, indirect development/metamorphosis, and paedomorphosis, which is not observed in any other vertebrate group. Early studies of these different life cycles yielded theories for how phenotypes arise and evolve as a result of changes in developmental timing -heterochrony (Gould, 1977) . More recently in the example of salamander paedomorphosis, heterochrony was shown to depend upon thyroidhormone responsive alleles that segregate among quantitative trait loci (QTL) (Page et al., 2013; Voss and Shaffer, 1997; Voss and Smith, 2005) . Almost certainly this model system will be expanded upon in the future to enrich understanding of evolution, as will countless other amphibian models that are best suited for developmental studies.
In addition to the identification of developmental timing QTL in the example above the Ambystoma linkage map has permitted the identification of genomic regions contributing to sex determination and tail regeneration Voss et al., 2013) . Linkage maps are valuable resources that not only facilitate the identification of QTL and mappedbased cloning, they are also useful for reconstructing the evolution of chromosomal rearrangements and chromosome number. Comparative mapping studies have leveraged the Ambystoma linkage map to reveal insights about vertebrate genome evolution (Smith and Voss, 2006; Voss et al., 2011; Voss et al., 2001 ). These studies found extensive conservation of microchromosomes and chromosomal segments from the tetrapod ancestor and independent decreases in chromosome number among lineages leading to Ambystoma, Xenopus and mammals. Similarly, comparative FISH mapping within the genus Xenopus identified a relatively small number of rearrangement events that have occurred over the last ~60 MY of evolution in the Xenopus lineage, including one inversion in X. tropicalis, inversions on two paralogous chromosomes in X. laevis and one fusion (involving orthologs of X. tropicalis chromosomes 9 and 10) that predated a whole genome duplication in the X. laevis lineage (Uno et al., 2013) . While these studies have shed light on the deep evolutionary history of vertebrate genomes and shallower patterns within the Xenopus lineage, they only represent a small number of lineages with relatively derived karyotypes. As such, data from additional species are needed to reconstruct chromosome evolution in amphibian and basal vertebrate lineages.
Amphibian genomes exhibit substantial variation in DNA content, with salamander lineages presenting exceptionally large genomes relative to other extant tetrapods. Estimates of salamander genome sizes range from 10 -120 gigabases (Gregory, 2015; , with the smallest salamander genome exceeding the size of the largest anuran genome. Because all salamanders have large to extremely large genomes, it seems likely that genome size increased in the basal lineage that gave rise to all extant salamanders, between ~300 and 180 MYA (Hedges et al., 2015; Keinath et al., 2015; Zhang and Wake, 2009 ). This increase in size is thought to reflect an ancient expansion of repetitive DNA sequences . This expansion appears to have affected salamander genome structure in a global sense because introns, intergenic regions and linkage map size are dramatically expanded in the axolotl Voss et al., 2011) . Interestingly, genome expansion does not appear to influence the rate of chromosome evolution. Relatively few interchromosomal rearrangements are predicted for the axolotl genome during evolution, in stark contrast to what is predicted for mammalian chromosomes and especially rodents (Smith and Voss 2006) . While analysis of a few amphibian genomes has shed critical light on the biology and evolutionary history of vertebrate genomes, it is important to recognize that our current understanding of amphibian (and vertebrate) genome evolution is based on information from a relatively small number of species. This is due, in part, to the inherent challenges of generating controlled crosses for amphibians because many species are not amenable to the establishment of laboratory stocks. Also, in the case of salamanders, the construction of gene-anchored linkage maps is made more difficult by the enormous size of the genome. Large salamander genomes contain approximately the same number of genes as other vertebrates (Gregory, 2015; . To move toward a more comprehensive understanding of vertebrate karyotype evolution, we sought to develop an approach that permits the rapid construction of robust gene-anchored maps and circumvents the need to maintain living laboratory stocks.
Here we report the first high-density gene-anchored linkage map for the Eastern newt (Notophthalamus viridescens: the second for any salamander) and use this map to refine our understanding of the tempo and mode of karyotype evolution in the amphibian lineage. The ancestral lineages that gave rise to newt and Ambystoma mexicanum (axolotl) diverged ~150 million years ago (MYA) and ~150 MY after the frog/salamander divergence ( Figure  1 ). The construction of this map leveraged RNA sequencing data to identify a large number of SNPs segregating within genic regions, which permit the phasing of polymorphisms and the construction of a map from the offspring of a single outbred female. Analysis of conserved syntenies between newt and other vertebrates revealed a small number of fusions that occurred prior to the divergence of ancestral amphibian lineages that gave rise to frogs and salamanders, in the axolotl/newt ancestor and still others that occurred after the divergence of salamander and newt. Notably one fusion that occurred in the Ambystoma lineage co-localized with a major effect QTL that regulates developmental timing the expression of alternate, metamorphic vs. paedomorphic, life histories (met1: (Page et al., 2013; Voss and Shaffer, 1997; Voss and Smith, 2005) .
MATERIALS and METHODS

Newt Collection, Embryo Sampling, RNA Extraction and Sequencing
Male and female newts were collected from a pond near the head of Gray's Arch trail in Kentucky's Red River Gorge under Kentucky Department of Fish and Wildlife educational collection permit number SC1311325. Females were kept in 5 gallon buckets containing water and live plants from the same pond. Eggs were collected each morning and kept in crystallization dishes with 20% Holtfreter's solution at 20°C. One of these females produced 29 eggs, all of which developed normally until the date they were sampled at approximately 14 days of development (prior to hatching). Embryos were dechorionated using fine tip forceps and immediately placed in 1.7 ml tubes with RNAlater® (ThermoFisher Scientific AM7020). RNA was extracted from several tissues from this female (blood, liver, spleen, heart, eyes, brain and skin from the dorsal surface of the head) and from individual whole embryos, using standard trizol extraction.
The RNA extracted was assessed for quality on a bioanalyzer (Agilent 2100 Bioanalyzer; Agilent RNA 6000 Nano Kit). Samples were sent to Hudson Alpha Institute for Biotechnology (Huntsville, AL) where libraries were prepared and barcoded with 36 unique tags and sequenced (100bp paired end reads) on a single lane using Illumina HiSeq 2000. One embryo sample yielded less than 500ng of RNA and was underrepresented in the resulting sequence dataset. Sequence data are deposited at the NCBI short read archives (http://www.ncbi.nlm.nih.gov/sra) under accession number SRP067290, BioProject # PRJNA305738.
Genotyping and Linkage Analysis
To identify and genotype polymorphisms segregating within this family, we mapped RNAseq reads to the published newt transcriptome using bwa-0.7.5a (Li and Durbin, 2009 ), performed de-duplication using picard-tools-1.97 (http://broadinstitute.github.io/picard) and genotype calling using the HaplotypeCaller pipeline in GATK-2.7 (Looso et al., 2013; McKenna et al., 2010) . Genotypes were post-filtered to include only those markers with presumptive maternal or paternal polymorphisms segregating among the 28 embryos sequenced for this study, that had variant quality scores greater equal to or greater than 100 and that were represented by a minimum of 4 reads in all individuals. For each transcript, the polymorphism with the highest variant quality score was used in subsequent linkage analyses.
Although maternity was known for all individuals, the matings that produced these offspring presumably occurred before the maternal individual was placed in isolation. To test for multiple paternities, we calculated the Jaccard distance for multilocus paternal genotypes between each pair of the 28 offspring using the "Similarity of Individuals" summary generated by JoinMap (Van Ooijen, 2011) . These analyses revealed two distinct clusters, one cluster consisting of 18 individuals and a second consisting of 10 individuals, indicative of mixed parentage (paternity; Supplementary Table 1) . These relationships were further verified by calculation of relatedness statistics using the relatedness2 function of VCFtools (Danecek et al., 2011) (Supplementary Table 1 ). As such, only the group of 18 presumably full sibs was used to estimate male meiotic recombination rates (the paternal map). All siblings were used to estimate recombination rates during female meiosis (the maternal map). Given the small number of meioses, the paternal map was only used for crossvalidation of the maternal map.
Linkage analysis was performed via maximum likelihood mapping using JoinMap software package and default parameters, except that the number of optimization rounds was increased to ten to improve ordering of markers (Stam, 1993; Van Ooijen, 2011) . This approach yielded 3,142 markers (transcripts) that segregated one or more maternal polymorphisms, of which 2,349 could be confidently placed on the maternal map and 6,546 markers that segregated candidate paternal polymorphisms. Linkage groups (LGs) containing at least 50 markers linked at a minimum LOD score (log of odds) of 3.0 were considered in downstream analyses. Linkage groups were manually curated to break linkages at >30 cM, except in one case where markers within a large syntenic block were within 35 cM and synteny was supported by sequence data from individual laser captured chromosomes. Patterns of linkage were further evaluated using the software suite Lep-MAP2 using default settings and increasing the number of optimization rounds to ten in order to best match parameters used in JoinMap (Rastas et al., 2016) . These analyses largely recapitulate patterns of linkage generated by JoinMap (including suspect joins that were broken by manual curation), except that bi-allelic and tetra-allelic markers from the same linkage group (and component transcripts) were frequently assigned to distinct Lep-MAP2 linkage groups (Supplementary Tables 2 and 3) .
A similar F1 outbred mapping strategy has been successfully used to generate dense meiotic maps for several other species using the RAD-seq approach (rather than RNAseq data) to identify polymorphisms from genomic DNA (Amores et al., 2011; Kai et al., 2014; Palaiokostas et al., 2013; Smith and Keinath, 2015; You et al., 2013) . Subsampling experiments have demonstrated that this approach permits the construction of accurate meiotic maps using as few as 20 offspring (Amores et al., 2011) .
Laser Capture Chromosome Sequencing
To more accurately assess the LGs and inform potential breaks in the larger maternal LGs, we performed low-coverage shotgun sequencing of a small number of laser captured chromosomes. Chromosome preparations, spreads, staining, capture and amplification were generated with the same methods described for axolotl ) with a few modifications: newts were dechorionated shortly after late neurula stage of development, embryos were dechorionated in 40% Holtfreter's solution to account for the higher internal pressure of chorionic fluid, and chromosome spreading was performed in a high-humidity chamber held at 60°C . We collected 24 individual chromosomes using laser capture microdissection as previously done in salamander . Library preparation was performed using a Rubicon whole genome amplification (WGA) PicoPLEX™ DNA-seq (R300381), a bioanalyzer was used to check for presence of DNA, and resulting amplicons were sequenced on a HiSeq 2000 platform at Hudson Alpha Institute for Biotechnology. Sequences were demultiplexed and trimmed to remove leader sequences that were incorporated during amplification and common contaminants (e.g. PhiX) using Trimmomatic 30.2 (Bolger et al., 2014) . These remaining high quality reads were aligned to the human genome using a paired-end mapping mode in Bowtie 2 (Hormozdiari et al., 2011) to detect potential human contaminants. Reads that aligned to human were removed from those libraries in which more than 10% of total reads mapped to human. The trimmed sequence libraries consisted of 210 million read pairs, averaging 8.8 million read pairs per library (minimum = 0.1 million, maximum = 15.4 million). Sequence data are deposited at the NCBI short read archives (http://www.ncbi.nlm.nih.gov/sra) under accession number SRP072907, BioProject # PRJNA317478. In order to evaluate these chromosomal libraries, reads were aligned to the newt transcriptome using single-end mapping mode via BWA-MEM (v.0.7.10) (Li and Durbin, 2009 ).
Comparative Mapping/Conserved Synteny
The complete set of transcripts that were assigned to newt LGs was used to query the set of transcripts that have been placed on the Ambystoma meiotic map, and masked genome assemblies for chicken and X. tropicalis, using tblastx (Altschul et al., 1990) . The best matching sequence was considered the most likely ortholog (broad sense) for each newt transcript provided: 1) alignment was ≥ 40 amino acids, 2) alignment bitscore was ≥100 and 3) the aligning sequences had at least 40% amino acid identity. The percent identity cutoff was chosen by examining the distribution of percent identity statistics among all best blast hits between newt and chicken (Supplementary Figure 1) . Counts of orthologs on each pairwise combination of linkage groups or chromosomes were compared to expected values derived from randomly distributing orthologies across linkage groups and chromosomes with the same number of mapped loci. In order to detect statistically significant regions of conserved synteny (and control for potential ortholog miscalls), the distribution of orthologs was assessed using chi-square tests with Yates' correction for continuity and Bonferroni corrections for multiple testing as previously described .
RESULTS and DISCUSSION
One lane of Illumina RNAseq data (2 × 100 bp) was generated for 35 barcoded and pooled samples; 28 newt embryos and 7 adult tissues. In total, this sequencing run yielded 43.7 Gb of raw sequence data. These sequences were used to identify segregating polymorphisms by alignment to 120,922 previously characterized newt transcripts (Looso et al., 2013) . A total of 6,460 candidate segregating maternal polymorphisms were identified on 3,142 transcripts. A total of 2,349 transcripts could be confidently placed on a set of 8 LGs with at least 50 markers linked at a minimum LOD score (log of odds) of 3.0 (Looso et al., 2013) . After initial map construction, newt linkage groups were examined to identify gaps exceeding 30 cM. In cases where conserved syntentic blocks or low-pass laser-capture chromosome sequencing data did not support linkage, linkage analyses were performed separately for the segments flanking these gaps. For one large linkage group, laser-capture chromosome sequencing data indicated that both ends of the linkage group were portions of the same chromosome, exclusive of an ~700 cM internal segment. Reanalysis yielded two wellsupported linkage groups (Figure 2, LG1 and LG5; Supplementary Figure 2) .
The curated linkage map resolves 12 linkage groups; a number one greater than the haploid number of chromosomes in the newt karyotype and spans a total of 6,161.9 cM, with the largest group spanning 934.7 cM and the smallest spanning 152.3 cM (Figure 2 , Supplementary Table 4). Although our sibship sampling strategy (and the reproductive biology of N. viridescens) permitted sampling of a modest number of meioses, our marker sampling strategy yielded dense sampling across chromosomes: the average number of recombinations between adjacent markers is less than 1 (0.73). This high marker density facilitates accurate map reconstruction using robust maximum likelihood algorithms, which leverage genotypic information from several adjacent markers to identify linkage groups and order markers, effectively minimizing the impact of genotyping errors (Stam, 1993; Van Ooijen, 2011) . Cross validation of maternal and paternal genetic maps, patterns of conserved synteny and chromosome library alignments provided additional support for the grouping and ordering of markers that were incorporated into the final map (see below). In total, our low-coverage laser capture sequence data support six linkage groups as corresponding to discrete chromosomes (LGs 1, 2, 8, 9, 10 11), whereas other chromosomes could not be directly resolved at current sampling depths (Supplementary Figure 3) . The relatively large size of the newt linkage map and individual LGs is consistent with previous linkage analyses in another salamander species (Ambystoma) and microscopic observations of chiasmata in salamander oocytes (Callan, 1966; Smith et al., 2005; Voss et al., 2011) . As such, the large recombinational size of the newt linkage map lends support to the idea that the ancestral salamander genome expansion resulted in a proportional increase in rates of meiotic recombination Voss et al., 2011) .
Comparison of newt, Ambystoma, Xenopus and chicken genomes revealed extensive conservation of chromosomal segments across all taxa (Figure 2, Supplementary Tables 5-9 ). Examining homolog sampling depth across chicken chromosomes reveals uniform patterns of coverage across most 10 Mb intervals (newt homologs were mapped for ~10% of chicken loci sampled per interval), with the exception of the distal region of chicken chromosome 2, which was sampled at ~1/2 the average frequency (Supplementary Figure 4) . As previously observed, many conserved segments correspond to large portions of chicken macrochromosomes or entire microchromosomes. Previous analyses showed that these segments and microchromosomes were derived from individual chromosomes that trace their ancestry at least to the common ancestor of all bony vertebrates (Braasch et al., 2016; Venkatesh et al., 2014; Voss et al., 2011) . By examining the distribution of these conserved segments in newt, Ambystoma and Xenopus, it is possible to reconstruct several evolutionary events that define the karyotypes of these three model amphibian taxa (Table  1) .
In general, fusions in salamander and frog (Xenopus) lineages appear to be largely independent, with the exception of one ancestrally conserved linkage (GG4/Z). Notably, segments of GG4 and GGZ are syntenic on two gar chromosomes and on several scaffolds in coelacanth, indicating that this linkage may have existed in the common ancestor of all bony vertebrates as indicated by earlier comparative genomic studies (Amemiya et al., 2013; Braasch et al., 2016; Voss et al., 2001) . Alternatively, this pair of chromosomes might have experienced recurrent fusions in several basal vertebrate taxa. The patterns of conserved synteny in amphibians indicate that a relatively small number of fusions (perhaps none) occurred within the ancestral amphibian lineage, an interpretation that is consistent with the observation of chicken-like karyotypes within basal frog and salamander lineages (Sessions, 2008) and suggests that the relatively compact karyotypes of Xenopus (1N = 10) and newt (1N = 11) are largely the product of convergent evolution.
These findings appear to be consistent with cytogenetic studies that showed amphibian genomes to vary considerably in structure and content, including chromosome number, size and morphology (Duellman and Trueb, 1986; Green and Sessions, 1991; Morescalchi et al., 1974; Vinogradov, 1998) . Caecilian karyotypes vary from asymmetric-bimodal karyotypes with higher numbers of chromosomes to symmetric-unimodal karyotypes with fewer chromosomes (Nussbaum and Wilkinson, 1989; Sessions, 2008) . Among amphibians, several basal lineages possess karyotypes characterized by the presence of both micro-and macrochromosomes (e.g. Cryptobranchid salamanders and the tailed frog Ascaphus truei), whereas other taxa possess karyotypes consisting of a small number of macrochromosomes and no microchromosomes (e.g. Xenopus tropicalis: 1N = 10) (Duellman and Trueb, 1986; Sun and Mueller, 2014; Wickbom, 1950) . Similar to X. tropicalis, the Mexican axolotl (Ambystoma mexicanum) and Eastern newt (Notophthalmus viridescens) possess karyotypes consisting of relatively small numbers of macrochromosomes and no microchromosomes (1N = 14 and 11, respectively) (Humphrey, 1975; Hutchison and Pardue, 1975; Voss et al., 2011) . These patterns suggest the ancestral amphibian karyotype consisted of a large number of chromosomes with two distinct morphologies, both macroand microchromosomes, with more compact karyotypes representing derived states (Morescalchi et al., 1973; Morescalchi et al., 1974; Sessions, 2008) .
Our results suggest that relatively more fusions occurred after the divergence of the ancestral lineages that gave rise to frogs and salamanders, than occurred in basal amphibian lineages. The comparative mapping data from newt allows us to better resolve the timing of several fusion events that occurred within the salamander lineage. The majority of fusions in newt (13/19) and Ambystoma (13/16) appear to have occurred before the divergence of their ancestral lineages, approximately 150-160 MYA (Table 1 ). The larger number of fusions in the newt lineage appears to be sufficient to explain the difference in chromosome number between newt (1N = 11) and Ambystoma (1N = 14). Among the three derived fusions detected in Ambystoma, one (corresponding to orthologous segments of newt LGs 6 and 8) is particularly notable with respect to the co-localization of it's fusion boundary with met1, a major QTL that has a strong influence on both metamorphic timing and expression of metamorphic vs. paedomorphic life histories (Figure 4) (Voss et al., 2012) . The evolutionary perspective provided by the newt meiotic map dramatically improves our understanding of the timing of this event and places an upper limit on the age of this fusion at ~150 MYA. Notably, the genus Ambystoma is characterized by a highly uniform karyotype (1N = 14) , suggesting a likely lower bound at the base of the Ambystoma clade (~50 MYA) (Licht and Lowcock, 1991; Morescalchi et al., 1974) .
Resolving the precise timing of fusions in the amphibian lineage (including, the fusion that overlaps met1) and other rearrangements will require the generation of chromosome scale linkage data for several additional amphibian taxa, including several lineages that are not amenable to laboratory culture and possess genome sizes that exceed the salamander species represented here. Our mapping strategy represents one approach that should permit the rapid generation of linkage maps for any taxon wherein fresh tissues can be collected from a small group of siblings and at least one parent.
SUMMARY
We have generated the first high-density gene-anchored linkage map for Notophthalmus viridescens by generating a maternal meiotic map consisting of 2,349 expressed markers, using offspring derived from a single wild-caught female. The number of LGs equals one more than the haploid chromosome number in N. viridescens (Hutchison and Pardue, 1975) . Comparative maps with newt to other amphibians (Xenopus and Ambystoma) and chicken reveal strong conservation of chromosome-scale synteny across evolutionary time. These syntenic blocks allow us to better resolve the evolutionary history of vertebrate genomes and chromosomes. Moreover, the current study serves as proof of principle for one approach that can be used to rapidly generate chromosome-scale and gene-anchored linkage maps for taxa that have been previously considered intractable.
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HIGHLIGHTS
•
A dense linkage map was generated for Notophthalmus viridescens (newt).
• RNAseq data from an outbred female and 28 offspring were used to generate this map.
• Comparative mapping reveals conserved segments in chicken, axolotl and frog.
• Analyses shed light on the evolution of ancestral and derived amphibian karyotypes.
• The met1 QTL associates with a derived chromosomal fusion in Ambystoma. The ancestral lineages that gave rise to axolotl and newt diverged in the mid-Mesozoic and the ancestral lineages that gave rise to salamanders and frogs diverged in the late-Paleozoic. Estimated divergence dates are from (Hedges et al., 2015) . The eutherian/placental divergence is included to provide perspective on the newt/axolotl divergence. Several extant taxa are not shown, including caecilians and non-avian reptiles. Keinath et al. Page 13 Dev Biol. Author manuscript; available in PMC 2018 June 15.
Figure 2. The newt meiotic map
The newt meiotic map consists of 12 linkage groups that range in size form 152.3 to 934.7 centiMorgans (cM) and cover a combined distance of 6,161.9 cM. Marker names refer to previously assembled transcripts (Looso et al., 2013) with "Contig" abbreviated as "ctg". Distances are shown in cM. Linkage groups are ordered with respect to estimated length, in cM. Comparative maps showing the location of presumptive Ambystoma orthologs on newt and chicken chromosomes. Lines connecting orthologous genes that are predicted to lie on newt linkage group 6 (NV6) are labeled in red and lines connecting orthologous genes that are predicted to lie on newt linkage group 8 (NV8) are labeled in blue. The log of odds profile for association between individual genotype and expression of metamorphic vs. paedomorphic life history is depicted as a black line adjacent to AM2 (Page et al., 2013) . Green and red lines correspond to log of odds ratios of 3 and 10, respectively. Keinath et al. Page 16 Dev Biol. Author manuscript; available in PMC 2018 June 15.
